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Self-Seeded Fibers Formed by Sup35, the Protein
Determinant of [PSI1], a Heritable
Prion-like Factor of S. cerevisiae
John R. Glover, Anthony S. Kowal, Eric C. Schirmer, (see Prusiner, 1994; Caughey and Chesebro, 1997; Hor-
wich and Weissman, 1997). This agent, the prion, ap-Maria M. Patino, Jia-Jia Liu, and Susan Lindquist*
pears to consist solely of a plasma-membrane protein,Howard Hughes Medical Institute
PrPC, that has acquired an altered, pathological confor-Department of Molecular Genetics and Cell
mation, PrPSc. PrPSc molecules are thought to interactBiology
with PrPC molecules and to induce the latter to switchThe University of Chicago
conformation, producing a chain reaction that kills neu-Chicago, Illinois 60637
rons and generates new infectious protein. Thus, with
the mammalian prions an infectious disease propagates
through a self-perpetuating change in the structure ofSummary
a normal cellular protein, apparently without an accom-
panying nucleic acid vector. With the yeast prions, a
The [PSI1] factor of S. cerevisiae represents a new
similar process produces a heritable new metabolicform of inheritance: cytosolic transmission of an al-
state, apparently without an accompanying change intered phenotype is apparently based upon inheritance
any nucleic acid.of an altered protein structure rather than an altered
The phenotype conferred by the yeast [PSI1] factor
nucleic acid. The molecular basis of its propagation
is an increase in the suppression of nonsense mutations,
is unknown. We report that purified Sup35 and subdo-
brought about by an increased tendency of ribosomes
mains that induce [PSI1] elements in vivo form highly to read through stop codons (Cox et al., 1988). Sup35,
ordered fibers in vitro. Fibers bind Congo red and are the protein determinant of [PSI1], is an essential subunit
rich in b sheet, characteristics of amyloids found in of the translation termination factor (Stansfield et al.,
certain human diseases, including the prion diseases. 1995; Zhouravleva et al., 1995). In normal yeast strains,
Some fibers have distinct structures and these, once most Sup35 protein is soluble and functions in termina-
initiated, are self-perpetuating. Preformed fibers greatly tion in a complex with its partner protein Sup45. In [PSI1]
accelerate fiber formation by unpolymerized protein. strains, most Sup35 is insoluble, and this insolubility is
These data support a ªprotein-onlyº seeded polymer- inherited from generation to generation (Patino et al.,
ization model for the inheritance of [PSI1]. 1996; Paushkin et al., 1996). The reduced concentration
of functional termination factor is believed to be respon-
Introduction sible for the occasional failure of ribosomes to terminate
at nonsense codons in [PSI1] strains. Mutations in
[PSI1], a genetic element found in the budding yeast Sup35 that impair its translation±termination function
Saccharomyces cerevisiae, is inherited in a dominant, produce similar suppressor phenotypes, but these are
cytoplasmic fashion (hence the brackets and capital let- recessive and inherited in a simple Mendelian fashion
ters in its name). [PSI1] was discovered 30 years ago (Cox et al., 1988; Stansfield and Tuite, 1994). That [PSI1]
(Cox, 1965), butonly recently has its remarkable molecu- is due to a change in the conformation of Sup35 rather
lar nature been uncovered. Several lines of evidence than a mutation is supported by the observation that
suggest that [PSI1] consists solely of protein. This nu- Hsp104, a protein whose only known function is to alter
clear encoded protein, produces a heritable change in the conformational state of other proteins (Parsell et
phenotype by switching to an altered and self-perpetu- al., 1994), plays a determining role in [PSI1] inheritance
ating structural form (Wickner, 1994; Lindquist, 1997). (Chernoff et al., 1995; Patino et al., 1996).
As revolutionary as this hypothesis may be for the inheri- Sup35 is composed of three distinct sequence ele-
tance of a genetic trait, yet another cytoplasmically in- ments (Kushnirov et al., 1990; Ter-Avanesyan et al.,
herited genetic element in yeast, [URE3], appears to 1993; Paushkin et al., 1997). The C-terminal region con-
propagate by a similar mechanism (Wickner, 1994; Lind- tains highly conserved GTP-binding consensus sites,
quist, 1997). Moreover, there is reason to believe that binds Sup45, and provides the essential termination
function of Sup35. The N-terminal and middle regionsthe behavior of these unconventional genetic elements
are less conserved and are demarcated by their unusualpoints to a molecular process that is broadly distributed
amino acid compositions. The middle region is highlyand functions in a wide variety of biological contexts.
charged and its function is unclear, although it, too,Indeed, [PSI1] and [URE3] have been called ªyeast pri-
appears to interact with Sup45 (Paushkin et al., 1997).onsº because of the striking similarity between their
The N-terminal region is extremely rich in glutamine andproposed mechanism of propagation and that of the
asparagine (51 of 123 amino acids) and contains severalmammalian prion diseases (transmissible spongiform
imperfect repeats of the nonapeptide PQGGYQQYN.encephalopathies; Prusiner, 1994; Horwich and Weiss-
This region is resistant to proteolytic digestion in [PSI1]man, 1997).
cells (Paushkin et al., 1997) and plays a critical role inThe infectious agent in the transmissible spongiform
[PSI1] metabolism. First, it is required for the mainte-encephalopathies produces rapidly progressing, inexo-
nance of [PSI1] (Doel et al., 1994; Ter-Avanesyan et al.,rably fatal neurodegeneration after a long latent period
1994). Deletion of this segment has no effect on [psi2]
cells, but causes [PSI1] cells to revert to [psi2] (Derkatch
et al., 1996). Second, and more remarkably, transient*To whom correspondence should be addressed.
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overexpression of this segment induces at high fre- we asked if the previously perceived requirement for
Hsp104 in the formation of Sup35 aggregation was ab-quency the formation of new, heritable [PSI1] elements
in [psi2] strains (Chernoff et al., 1993; Ter-Avanesyan et solute, or could be overcome by high-level expression
of Sup35. The coalescence of a copper-regulated Sup35al., 1993; Derkatch et al., 1996; Patino et al., 1996).
The protein-only hypothesis for the inheritance of protein fused to GFP was examined at different levels of
induction. At low levels, fluorescent foci were observed[PSI1] predicts that the alternative, insoluble form of
Sup35 in [PSI1] cells facilitates conversion of newly syn- only in [PSI1] HSP104 cells; at high levels, foci were
also observed in [psi2] hsp104 cells (not shown). Wethesized Sup35 to the same state. This process is
thought to produce a dominant and cytoplasmically in- conclude that Hsp104 is not absolutely required for the
coalescence of Sup35 into [PSI1]-like foci when thisherited reduction in the efficiency of translation termina-
tion. Recently, we tested this hypothesis by comparing protein is expressed at a high level.
To directly determine whether Sup35 aggregation re-the fate of newly synthesized protein in [PSI1] and [psi2]
cells (Patino et al., 1996). The critical N-terminal region quires other cellular factors or is an intrinsic property
of the protein, we studied the aggregation behavior ofof Sup35, together with the middle region, was fused to
green fluorescent protein (GFP), allowing its distribution whole Sup35 purified from E. coli. Sup35 was produced
as a soluble protein in E. coli and remained solubleto be monitored in real time in living cells. As soon as
the protein had accumulated at levels high enough to immediately after purification. However, after several
days of storage on ice, in a wide variety of aqueousbe visualized, it coalesced into a small number of intense
foci in [PSI1] cells, but remained freely distributed in buffers, solutions invariably became viscous. We ana-
lyzed these solutions by electron microscopy and found[psi2] cells. Additional experiments established that this
coalescence was a true marker of the [PSI1] state. For that in all of the buffers Sup35 had coalesced into highly
ordered fibers. In all cases the fibers were extremelyexample, when cells were cured of [PSI1] by a variety of
genetic manipulations, coalescence was not observed. long, but fibers formed in different buffers had some-
what different appearances. For example, fibers formedMoreover, when expression of the GFP fusion protein
was continued at a higher level for a longer period, in a buffer of moderate ionic strength (20 mM potassium
phosphate [pH 7.5], 20 mM KCl, 5 mM MgCl2, 2.5 mMcoalescence was observed even in [psi2] cells, and plat-
ings on selective media demonstrated the concomitant b-mercaptoethanol) had a generally smooth appearance
with an average diameter of 17 6 2.0 nm (not shown).appearance of new [PSI1] elements in the culture (Patino
et al., 1996). Those formed in a buffer of high ionic strength (30 mM
Tris±HCl [pH 8.0], 1.2 M NaCl, 10 mM MgCl2, 2 mM GTP,While such experiments provide strong support for
the protein-only theory of [PSI1] inheritance, the specific 280 mM imidazole, 5 mM b-mercaptoethanol) had a
more expanded appearance, revealing a rigid, rod-likemolecular nature of the altered state of Sup35 and the
mechanism by which this state is transferred to new structure in the center with amorphous material along
its sides (Figure 2A). In these fibers, the central rod hadprotein is completely unknown. Here we have examined
the capacity of Sup35 and various subdomains to self- an apparent diameter of 10.6 6 1.0 nm.
associate in a purified system in vitro. The whole protein
and derivatives containing the N-terminal region, which
The N-Terminal Region Is the Criticalplays such a critical role in [PSI1] metabolism, produce
Determinant in Fiber Formationhighly ordered aggregates in the form of long, rigid fi-
To determine which region(s) of Sup35 is critical for fiberbers. These fibers bind Congo red and have substantial
formation, we purified fragments corresponding to theb-sheet structure, both diagnostic of the amyloid fibers
three regions of Sup35, which are distinguished by theirassociated with certain human diseases (Sipe, 1994;
primary amino acid sequence characteristics and bio-Kelly, 1996), including the transmissible spongiform en-
logical effects on [PSI1] in vivo (see Figure 1). Two ofcephalopathies. By electron microscopy, these fibers
these fragments, corresponding to the C-terminal do-have at least two distinct structures. Once a particular
main (C) and the middle region (M), do not induce [PSI1]structure is initiated, it is apparently self-perpetuating,
in yeast. Indeed, C counteracts the phenotypic effectscontinuing along the entire length of the fiber. The time
of [PSI1] by providing an aggregation-resistant (antisup-course of fiber formation indicates that this is a self-
pressor) form of the translation termination factor (Ter-seeded process. These data provide a convincing mo-
Avanesyan et al., 1993; Patino et al., 1996; Paushkin etlecular explanation for the self-propagating nature of
al., 1996).Both C and M accumulated as soluble proteinsthe [PSI1] genetic element.
in E. coli even when expressed at high levels. After
purification, the C-terminal domain precipitated in someResults
buffers, but electron microscopy revealed only occa-
sional amorphous aggregates, and never fibers (dataPurified Sup35 Forms Fibers In Vitro
not shown). The M region remained soluble in all buffersMaintenance of [PSI1] elements in yeast cells requires
tested; no fibers were observed in preparations agednot only the N-terminal domain of Sup35, but also the
up to 3 months (data not shown).protein chaperone Hsp104 (Chernoff et al., 1995; Patino
The N-terminal domain (N) of Sup35 encompasses theet al., 1996). We postulated that Hsp104 promotes a
minimal region required for the induction of [PSI1] inconformational change in Sup35 that modulates its ag-
vivo (Chernoff et al., 1993; Ter-Avanesyan et al., 1993;gregation propensity and facilitates maintenance of the
Derkatch et al., 1996; Patino et al., 1996). In E. coli, N[PSI1] state (Patino et al., 1996). Prior to initiating investi-
gations into the molecular properties of Sup35 in vitro, was mostly insoluble and required purification in the
Self-Seeded Fibers of Sup35
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Figure 1. Structure and Properties of Sup35
and Its Derivatives
The N region of Sup35 has an unusual amino
acid composition and contains several nona-
peptide repeats. The M region is highly en-
riched for charged residues. The C domain,
which is sufficient for Sup359s translation ter-
mination function, contains four potential
GTP-binding sites. A correlation was ob-
served between the ability to form fibers (this work) and the ability of similar or identical proteins to induce [PSI1]Ð(asterisk) data from
Derkatch et al. (1996), Chernoff et al. (1993), and Ter-Avanesyan et al. (1993). In cases where the regions tested in vitro did not precisely
correspond to those studied in vivo, the terminal amino acid residues, numbered according to the full-length sequence, are given in parentheses.
presence of denaturant (8 M urea). When urea concen- proteins (Klunk et al., 1989). Scatchard analysis of
Congo red binding to preformed NM fibers indicated antrations were reduced, the protein aggregated and very
rapidly formed short rod-like structures (diameter 5 average of 4.4 binding sites per NM monomer, with a
Kd of 250 nM (Figure 3B).8.7 6 0.9 nm in 30 mM Tris±HCl [pH 8.0], 300 mM NaCl,
2 M urea), with frequent side-by-side associations (not The formation of fibers with a high b-sheet content
is another diagnostic feature of amyloid proteins. Theshown). Surprisingly, even during storage in 8 M urea,
solutions of N became gradually viscous and eventually circular dichroism spectrum of mature NM fibers exhib-
ited a minimum at 218 nm, which is characteristic offormed a gel.
While N was verydifficult to maintain ina soluble state, structures rich in b sheet (Figure 3C). Conversion of
CD spectra to units of molar ellipticity was based uponeven under denaturing conditions, a larger segment of
Sup35, encompassing both the N-terminal and middle protein concentrations of the same sample calculated
from total amino acid composition. Deconvolution pro-regions (NM), was more tractable. Transient overexpres-
sion of NM also induces [PSI1] elements in yeast cells grams use structural information based upon known
crystallographic structures. Insufficient data are avail-(Ter-Avanesyan et al., 1993; Derkatch et al., 1996; Patino
et al., 1996). NM was expressed as a soluble protein in able for fibrous, b sheet±rich proteins to provide a reli-
able basis for the deconvolution of this spectrum (forE. coli. Following purification and storage for several
hours to a few days, NM also formed fibers under the review, see Nesloney and Kelly, 1996).
same buffer conditions as did the whole protein. By
electron microscopy under all buffer conditions, most
of the fibers were long, smooth, semi-rigid rods, similar Time Course of Fiber Formation
The frequency with which NM induces heritable [PSI1]in appearance to the central rod-like structure found in
whole Sup35 fibers (Figure 2B). The apparent average elements in yeast increases with the level of NM expres-
sion (Derkatch et al., 1996; Patino et al., 1996). To deter-diameter of NM fibers was 11.5 6 1.5 nm.
Although most NM fibers were straight, some had a mine how protein concentration affects fiber formation
in vitro, we analyzed the time course of fiber formationstrikingly different, wavy appearance with a mean peri-
odicity of 40.2 6 3.7 nm along the fiber axis (Figure 2C). by Congo red binding. These experiments were initially
frustrated by different rates of fiber formation with differ-The mean width across the narrowest parts of the wavy
fibers was 10.3 6 1.5 nm. Wavy fibers were observed ent preparations of NM. Because these proteins had
been purified under nondenaturing conditions, some fi-under several buffer conditions and protein concentra-
tions, but they were always in the minority. Reexamina- bers were already present prior to the start of the experi-
ment. To provide a more uniform starting material, NMtion of fibers formed by whole Sup35 demonstrated that
the central core of the Sup35 filament was also occa- was purified in 8 M urea. When urea-solubilized NM
was diluted 100- to 200-fold into nondenaturing buffers,sionally wavy (not shown). Transitions between smooth
and wavy structures within a single fiber were not ob- fibers formed. These fibers were identical by three crite-
ria to those formed from native protein: capacity to bindserved. Thus, fibers can have different structures. But
once a particular conformation is initiated, it is main- Congo red, secondary structure content as determined
by circular dichroism, and morphology observed bytained along the entire traceable length of the fiber.
electron microscopy (data not shown). The time courses
of fiber formation in preparations of urea-denatured NMDye-Binding and Secondary Structure
Analysis of Sup35-Derived Fibers were much more reproducible than with protein purified
under nondenaturing conditions.Several human diseases, including the transmissible
spongiform encephalopathies, are associated with pro- When purified NM was diluted from urea into aqueous
buffers, fibers did not form immediately, but only afterteins that can undergo a conformational change and
polymerize into amyloid fibers (Kelly, 1996). A distinctive a lag of several hours (Figure 4A). This lag was shortened
at higher protein concentrations. This pattern suggestsproperty of amyloid fibers is their ability to bind the dye
Congo red (see Sipe, 1994). Fibers formed by whole that a critical rate-limiting step in fiber formation isnucle-
ation. To test this hypothesis, a very small quantity ofSup35, and by NM, also bound Congo red, although we
did not observe apple green birefringence by polarized preformed fibers (which themselves bound a negligible
quantity of Congo red) was addedto solutions of unpoly-light microscopy. Bound dye exhibited a spectral shift
with a maximum difference at 540 nm (Figure 3A), the merized protein. In marked contrast to reactions not
seeded with preformed fibers, unpolymerized proteinsame shift reported for Congo red bound to amyloid
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by electron microscopy. In addition to fibers, solutions
sampled at intermediate times contained other discrete
structural forms (Figure 5A). These appear to be higher-
order oligomers of the 30 kDa NM protein with variable
dimensions, but round and relatively free of surface fea-
tures. Later samples from thesame reactions, which had
plateaued with respect to Congo red binding, contained
only fibers (Figure 5B). Similar oligomeric complexes
were observed at intermediate points in fiber formation
with whole Sup35 protein (not shown).
The time course of change in NM secondary structure,
as determined by circular dichroism, revealed a similar
kinetic pattern. In unseeded reactions, a progressive
change in secondary structure, suggestive of a loss of
random coil with an increase in b sheet, was initiated
after a long lag phase (Figure 6A). In seeded reactions,
the same change in secondary structure occurred, but
the lag phase was shortened or eliminated (Figure 6B).
We noted that the change in structure appeared to pla-
teau with a stronger random coil signal than was ob-
tained with mature, aged fibers (Figure 3C). This sug-
gests that an additional adjustment of structure takes
place on a longer time scale, as fibers are aged. Because
the signal produced by random coil is much stronger
than that produced by b sheet (on a residue-for-residue
basis), this adjustment likely represents a rather small
change in secondary structure. By standard electron
microscopy, newly formed fibers were indistinguishable
from aged fibers.
We also examined fiber formation with a mutant pro-
tein lacking amino acids 22±69 (including two of the four
nonapeptide repeats that characterize this domain) that
is defective in [PSI1] induction in vivo (Ter-Avanesyan
et al., 1993; Derkatch et al., 1996), when this mutation
is incorporated either into the whole protein or the NM
fragment. NMD22±69 and Sup35D22±69 formed fibers
that bound Congo red and were similar in appearance
to those formed by wild-type NM and Sup35 by electron
microscopy (not shown). However, the mutant proteins
formed fibers much more slowly than did the wild-type
proteins, in both unseeded reactions and in reactions
seeded with NM fibers (Figure 4C).
Yeast Lysates Containing [PSI1] Elements
Figure 2. Electron Microscopy of Fibers Formed by Whole Sup35 Seed the Aggregation of NM In Vitro
and N-Terminal Derivatives To relate the process of fiber formation in vitro to [PSI1]
Micrographs depict negatively stained fibers formed from whole elements in vivo, we investigated whether yeast lysates
Sup35 and NM proteins. Scale bar represents 200 nm and applies
could substitute for preformed fibers in seeding the po-to all three panels. Insets in all panels are 2.43 enlargements of
lymerization of NM and, if so, whether this dependedindividual fibers.
upon the [PSI1] status of the cell. First, we developed(A) Sup35 incubated on ice for 60 days in 30 mM Tris±HCl (pH 8),
1.2 M NaCl, 10 mM MgCl2, 2 mM GTP, 280 mM imidazole, 5 mM an assay that would allow us to follow changes in the
b-mercaptoethanol. solubility of NM in the presence of total cell lysates.
(B) NM dissolved in 20 mM Tris±HCl (pH 8), 150 mM NaCl, 4 M urea, (Other assays were problematic because yeast cell wall
diluted 1:100 into 20 mM Tris±HCl (pH 8), 1.2 M NaCl and incubated
debris binds Congo red, and circular dichroism cannotz72 hr at 238C.
be interpreted in complex protein mixtures.) Purified,(C) NM dissolved in 20 mM Tris±HCl (pH 8), 150 mM NaCl, 4 M urea,
metabolically labeled NM protein was incubated with ordiluted 1:100 in 5 mM potassium phosphate (pH 7.4), 150 mM NaCl
and incubated 16 hr at 238C. without preformed NM fibers, and polymerization was
assayed by the disappearance of radioactivity from so-
lution, following differential centrifugation. The time
course of 35S-NM polymerization measured in this wayproceeded to form fibers without a detectable lag (Fig-
ure 4B). was very similar to that observed in reactions monitored
by circular dichroism and Congo red binding (Figure 7A).The time course of fiber formation was also followed
Self-Seeded Fibers of Sup35
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Figure 3. Congo Red-Binding and Circular Dichroism of Mature NM Fibers
(A) Difference spectrum of Congo red and Congo red bound to NM fibers. Spectrum of 10 mM Congo red was subtracted from the spectrum
of 10 mM Congo red incubated together with 2 mM NM fibers. The maximum of the difference spectrum is 540 nm.
(B) Scatchard analysis of Congo red binding to NM fibers. Fibers (1 mM) were incubated with 2.5 to 30 mM Congo red, and the concentration
of bound Congo red was calculated according to Klunk et al. (1989). The calculated binding parameters were Bmax 5 4.42, Kd 5 250 nM.
(C) Circular dichroism of NM fibers. Three-week-old NM fibers (4 mm) in 5 mM potassium phosphate (pH 7.4), 150 mM NaCl were analyzed
as described in Experimental Procedures.
In lysates prepared from three different strain back-
grounds, 35S-NM became insoluble at a much faster rate
in lysates of [PSI1] cells than in lysates of [psi2] cells
(Figure 7B). Thus, like fibers generated in vitro, bona
fide [PSI1] elements serve as nuclei for the coalescence
of recombinant protein in a cell-free system.
Discussion
Sup35 is the protein determinant of the unconventional
genetic element known as [PSI1]. We have shown that
this protein, and derivatives containing the N-terminus,
have an intrinsic capacity to form highly ordered fibrous
structures. These fibers bind Congo red and are rich
in b-sheet secondary structureÐproperties common to
protein amyloids. Fibers form after a lag phase, whose
duration depends upon the protein concentration. The
ability of a small quantity of preformed fibers to shorten
or eliminate the lag phase confirms that fiber formation is
a nucleated process. Our data do not prove theªprotein-
onlyº hypothesis of [PSI1] inheritance. However, striking
parallels between the process of fiber formation in vitro
and the behavior of [PSI1] elements in vivo make this
self-perpetuating, ordered assembly process a likely
molecular mechanism for the inheritance of this uncon-
ventional genetic element. Figure 4. Time Course of Fiber Formation: Congo Red Binding
First, the N-terminal domain is necessary and suffi-
In each case, concentrated proteins in buffer containing 8 M urea
cient for fiber formation in vitro. In vivo, it is required were diluted 100-fold into 5 mM potassium phosphate (pH 7.4), 150
for the maintenance of [PSI1] (Doel et al., 1994; Ter- mM NaCl to the indicated final concentration and incubated at 238C.
At various times, duplicate aliquots of each reaction were dilutedAvanesyan et al., 1994), and its overexpression initiates
to 2 mM protein and incubated together with 10 mM Congo red.the coalescence of Sup35 and the formation of new
Seeded reactions contained 0.1 mM preformed fibers in addition to[PSI1] elements. The C and M domains do not form
unpolymerized protein. Congo red binding to the seed alone wasfibers on their own in vitro. And they do not induce new
below the level of detection and did not change over time (not
[PSI1] elements when overexpressed in vivo (Chernoff shown). Congo red binding was calculated as described in Experi-
et al., 1993; Derkatch et al., 1996). Second, proteins mental Procedures and plotted as the mean of duplicate determina-
tions.lacking aminoacids 22±69 form fibers in vitro much more
(A) Effect of protein concentration on the time course of fiber forma-slowly than do wild-type proteins, in both unseeded and
tion in unseeded NM solutions. Open circles, 23 mM; open squares,seeded reactions. These mutants do not induce new
10 mM; open diamonds, 3.3 mM.[PSI1] elements in vivo (Ter-Avanesyan et al., 1993; Der-
(B) Effect of seeding on the time course of fiber formation in NM
katch et al., 1996). Third, higher concentrations of NM solutions. Closed squares, 10 mM; closed diamonds, 3.3 mM.
greatly accelerate the onset fiber formation in vitro. (C) Fiber formation in unseeded (open symbols) and seeded (closed
symbols) solutions of NMD22±69.Higher expression of NM in vivo greatly increases the
Cell
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Figure 5. Time Course of Fiber Formation:
Electron Microscopy
Concentrated solutions of NM protein in 20
mM Tris±HCl (pH 8.0), 150 mM NaCl, 4 M urea
were diluted 100-fold to a final concentration
of 15 mM. At various times aliquots were re-
moved for Congo red binding analysis (not
shown) and electron microscopy. Scale bar,
200 nm.
(A) NM 16 hr after dilution when Congo red
binding (not shown) was at an intermediate
value. Note the presence of both circular
structures and fibers.
(B) NM 28 hr after dilution, when Congo red
binding (not shown) was maximal. Only fibers
are present.
frequency at which new [PSI1] elements form (Chernoff the [PSI1] state (Chernoff et al., 1995; Patino et al., 1996).
In preliminary experiments, we have found that some ofet al., 1993; Ter-Avanesyan et al., 1993; Derkatch et
al., 1996; Patino et al., 1996). Fourth, preformed fibers these factors affect the rate of fiber formation (J. R. G.
and S. L., unpublished data). However, the process ofnucleate the rapid polymerization of soluble protein in
vitro. Preexisting [PSI1] elements promote the rapid co- fiber formation is complex. For example, the effect of
protein concentration on the rate of fiber nucleation isalescence of newly synthesized Sup35-GFP protein in
vivo. Fifth, small quantities of preformed fibers gener- less than would be expected for a ªsimpleº polymeriza-
tion process (Jarret and Lansbury, 1993). Moreover weated from purified NM accelerate the rate at which un-
polymerized NM accumulates in an insoluble form. Ly- have observed metastable oligomeric complexes at in-
termediate times in fiber formation. These may representsates of [PSI1] cells, but not [psi2] cells, do the same.
Sixth, in vitro, fiber formation exhibits a longer lag phase structural intermediates in the growth of fibers or alter-
native, less stable and ``off-pathway'' associations ofat lower protein concentrations. The low concentrations
of Sup35 found in vivo (Didichenko et al., 1991) would monomers: that is, monomers↔oligomers↔fibers ver-
sus oligomers↔monomers↔fibers. Determining whichtherefore constitute a kinetic barrier to the spontaneous
coalescence of Sup35protein, inkeeping with theobser- of these pathways is correct, which steps are rate lim-
iting, and how other cellular factors affect the processvation that [psi2] cells spontaneously convert to [PSI1]
only at a very low frequency. Seventh, preformed fibers will require the application of additional methods to sep-
arate and analyze intermediates.eliminate, or greatly reduce the lag phase in fiber forma-
tion in vitro. Once [PSI1] elements are established, the We have, however, begun to acquire some under-
standing of the structures of the fibers themselves. Fi-coalescence of newly made Sup35 protein into preex-
isting [PSI1] foci is very efficient, ensuring propagation bers formed by whole Sup35 are long, semirigid, and
nonbranching. Under some buffer conditions they haveof [PSI1] from generation to generation.
Many other factors may be critical to the maintenance a smooth appearance but, more typically, a central
backbone with amorphous material splayed out alongof [PSI1] elements in vivo. Some of these, including
molecular crowding, intracellular pH, and the presence its sides. Although the N region is necessary and suffi-
cient for fiber formation, the fibers it forms are thinnerof osmolytes, have a general influence on protein stabil-
ity and assembly. Others are highly specific: Sup35func- and generally shorter than those formed by NM. Neither
the M nor the C fragments form fibers on their own.tions in a complex with a partner protein (Sup45; Stans-
field et al., 1995) and intermediate concentrations of The width of NM fibers is similar to that of the central
backbone in whole Sup35 fibers and both NM fibers andHsp104 are required for the maintenance of Sup35 in
Figure 6. Time Course of Fiber Formation:
Circular Dichroism
(A) Time-dependent changes in circular di-
chroism during the course of fiber formation
in unseeded solutions of NM. Recombinant
NM was purified under denaturing conditions
and concentrated to 48 mg/ml in 20 mM Tris±
HCl (pH 8), 150 mM NaCl, 8 M urea. The pro-
tein was diluted 100-fold into 5 mM potas-
sium phosphate (pH 7.4), 150 mM NaCl and
incubated at 258C. Spectra were obtained at
the indicated times as described in Experi-
mental Procedures.
(B) NM protein was analyzed using the same
conditions as in (A) but with the addition of
0.02 mg/ml preformed NM fibers at the start
of the reaction.
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biochemical process underlies the transmission of a cy-
toplasmically inherited trait in yeast and the pathogene-
sis of some of the most perplexing and intractable
human diseases, including the spongiform encephalop-
athies and Alzheimer's disease. This process is the
seeded formation of highly ordered amyloid (or amyloid-
like) fibers that has been shown by others tobe a charac-
teristic of both peptides derived from mammalian PrP
protein of transmissible spongiform encephalopathies
(Scott et al., 1989; Come et al., 1993; Caughey et al.,
1995) and the b-amyloid protein of Alzheimer's diseaseFigure 7. Conversion of Radiolabeled NM to an Insoluble State by
(Jarret et al., 1993). Genetic analysis in yeast shouldPreformed Fibers and [PSI1] Elements
provide a powerful new tool for elucidating the mecha-(A) Solubility of 3.3 mM 35S-NM in the absence (open squares) and
presence (closed squares) of 0.05 mM preformed NM fibers. Reac- nisms by which such protein structures are established
tions were initiated by a 300-fold dilution of a 30 mg/ml solution in and propagated and may provide a new avenue for test-
8 M urea into 5 mM potassium phosphate (pH 7.4), 150 mM NaCl ing therapeutic strategies. The remarkably similar struc-
and incubated at 238C. At the indicated times, duplicate 50 ml ali-
tural characteristics of the yeast Sup35 and mammalianquots were centrifuged and the label remaining in the supernatant
amyloid proteins, and their connection to such divergentwas calculated as a percentage of starting label.
biological processes as heritable changes in metabo-(B) Solubility of 35S-NM in lysates from [PSI1] and [psi2] cells. Reac-
tions were initiated by 100-fold dilution of 35S-NM (10 mg/ml) into lism and fatal neurodegenerative diseases, suggest that
lysates (15 mg/ml) and incubated on ice. Solubility of NM was deter- self-perpetuating changes in protein structure are wide-
mined as in (A). Shown are the results of a 14 hr incubation in lysates spread and figure in a broader range of biological pro-
from three different [psi2] (open bars) and [PSI1] (closed bars)
cesses than previously suspected.strains.
Experimental Procedures
the backbone of Sup35 can assume distinct structural Yeast Strains and Culture
[PSI1] and [psi2] isogenic pairs of yeast strains were: 74-D694forms, ``straight'' or ``wavy.'' These data indicate that
[MATa, ade1, his3, leu2, trp1, ura3; suppressible marker ade1±14(1) self-association of N dictates the formation of the
(UGA)], D1142±1A [MATa, aro7, cyc1, his4, leu2 lys2, met8, trp5,fiber axis, (2) M packs against the exterior of this core,
ura3; suppressible markers met8±1 (UAG), trp5±48 (UAA), lys2±187
and (3) C is located on the periphery and orderly packing (UGA)], and YC13±6C [MATa, ade2, aro7, ilv1, leu2, met8, trp1, ura3,
of this domain is not critical for the stability of the fiber. can1, sup111; suppressible markers met8±1 (UAG), ilv1±2 (UAA),
The regular periodicity of wavy fibers indicates that leu2±1(UAA)] (Chernoff et al., 1995).
Isogenic 74-D694 [PSI1], [psi2], and HSP104 deletion (hsp104::an orderly packing of substructures must underlie the
LEU2) strains were transformed with plasmids consisting of aformation of these fibers. Atomic force microscopy (S.
pRS316 backbone, (Sikorski and Hieter, 1989) encoding GFP aloneXu, B. Bevis, and S. Lindquist, unpublished data) sug-
(pRSCupGFP) or Sup35 fused to the N-terminus of GFP (pRSCup
gests that smooth fibers are also composed of a regu- Sup35GFP) under the control of the CUP1 promoter (Thiele, 1988).
larly repeating substructure and that additional forms Transformants were grown to a density of approximately 5 3 106
with more subtle distinctions, not resolvable by standard cells/ml at 308C in synthetic defined media (SD) lacking uracil (Sher-
man et al., 1986). CuSO4 was added to a final concentration ofelectron microscopy, may be present. Most remarkably,
50 mM. Periodically, samples were fixed in 2% formaldehyde intransitions between wavy and straight fibers were never
phosphate-buffered saline for observation by fluorescence mi-observed. Thus,once a specific type of packing is estab-
croscopy.
lished in the fiber, it is self-perpetuating along the length
of the fiber. Self-perpetuating, alternatively packed con- Bacterial Strains and Culture
formations have been observed in seeded polymeriza- DNA manipulations were carried out using standard procedures
tion of bacterial flagellin (Akasura, 1970) as well as in (Sambrook et al., 1989). Using pEMBL-Sup35 (Ter-Avanesyan et al.,
1993) as a template, DNAs encoding whole Sup35 and its derivativesfibers formed from Ab (Harper et al., 1997). Recently
were amplified by PCR using the following primer pairs: wholethey have been suggested to account for one of the
Sup35, 59-CTC ACT AGT CAT ATG TCG GAT TCA AAC CAA GG-39most perplexing aspects of mammalian prion biology,
(primer A) and 59-CGC GGA TCC CTC GGC AAT TTT AAC AAT TTT
the existence of different ªstrainsº (Bessen and Marsh, A-39; N, primer A and 59-CGC GGA TCC ACC TTG AGA CTG TGG
1994; Bessen et al., 1995; Lansbury and Caughey, 1995). T-39 ; NM, primer A and 59-CGC GGA TCC ATC GTT AAC ACC TCC
GTC A-39; M, 59-CTC ACT AGT CAT ATG TCT TTG AAC GAC T-39These strains produce diseases with different rates of
and 59-CGC GGA TCC ATC GTT AAC AAC TTC G-39; C, 59-CTC ACTprogression and distinct pathologies. Their very exis-
CAT ATG TTT GGT GGT AAA GAT CA-39 and 59-CGC GGA TCC CTCtence has been used by others to argue that a nucleic
GGC AAT TTT AAC AAT TTT A-39. PCR products were subcloned as
acid must be involved in prion propagation (see Horwich NdeI-BamHI fragments into pJC45 (Clos and Brandau, 1994; gift of
and Weissman, 1997, for review). Remarkably, strain J. Clos) and the fidelity of each construct was confirmed by dye-
variation is also observed in yeast [PSI1] elements, termination sequencing (University of Chicago Automated Sequenc-
ing Facility).which have different stabilities and strengths of non-
To create expression plasmids for Sup35D22±69 and NMD22±69,sense-codon suppression (Derkatch et al., 1996). We
plasmids containing the appropriate intact sequences were di-suggest that the alternative conformational states we
gested with BstEII and recircularized by ligation.
have observed in Sup35 fibers may provide a ªprotein For expression of non-histidine-tagged NM the corresponding
onlyº structural basis for [PSI1] strain variation. NdeI/BamHI fragment was excised from the pJC45 vector and sub-
cloned into pJC25 (Clos and Brandau, 1994).Most importantly, our data suggest that a common
Cell
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The E. coli strain (gift of Olivier Fayette) were grown in LB supple- with a Phillips CM120 Transmission Electron Microscope (Eindho-
ven, The Netherlands) with an LaB6 filament, a 50 mm objectivemented with 50 mg/ml kanamycin and transformed by electropora-
tion. Transformants were selected on LB plates containing 75 mg/ aperture, and a 200 mm condenser aperture. Micrographs were
taken at 120 kV in low dose mode at a magnification of 45,0003ml ampicillin and 50 mg/ml kanamycin. Shaking cultures were grown
at 378C in either LB or Circle Grow (BIO101) supplemented with 200 and recorded on Kodak SO163 film.
mg/ml ampicillin and 50 mg/ml kanamycin. When cells were in log
phase growth (OD600 0.3 in LB, 0.8 in Circle Grow) expression was
Congo Red Bindinginduced with 0.5±1 mM IPTG for 2 hr. Cells were harvested by
Congo red binding was carried out essentially as previously de-centrifugation and either processed immediately or frozen at 2808C
scribed (Klunk et al., 1989). Recrystallized Congo red (gift of Jeffuntil used for protein purification. For metabolic labeling, a 1 l early
Kelly) was dissolved in buffer E (5 mM potassium phosphate, 150log-phase culture was harvested by centrifugation and resuspended
mM NaCl) and filtered 3 times (0.22 mm Millex, Millipore). A540 ofin M9 medium supplemented with antibiotics and incubated with
the filtered solution was determined, and the concentration wasshaking for 1 hr at 378C. Cells were repelleted and suspended in 50
adjusted to 100 mM. NM and NMD22±69 proteins were concentratedml fresh M9 medium with antibiotics, 1 mM IPTG, and 3.5 mCi
by ultrafiltration and diluted at least 100-fold into buffer E to thelabeling mix (Amersham) and incubated for 1 hr at 378C.
specified concentration and incubatedat ambient temperature. Pro-
teins were diluted to a final concentration of 2 mM in buffer E con-
Purification of Recombinant Protein taining 10 mM Congo red and incubated for 30 min at ambient
For purification of whole Sup35, NM, M, C, Sup35D22±69, and temperature. Absorbances at 540 and 477 nm were determined and
NMD22±69 in nondenaturingbuffer conditions, all stepswere carried Congo red binding calculated by the formula (A540/25295) 2 (A477/
out at 48C. Cells were lysed by sonication in 30 mM Tris±HCl (pH 46306) 5 moles Congo red bound/l. To generate a binding curve,
8.0), 300 mM NaCl, and 1 mM PMSF. Cell debris was removed by preformed fibers were diluted to 1 mM in buffer E containing 2.5±25
centrifugation at 20,000 3 g for 20 min. The supernatant was mixed mM Congo red.
with 4 ml Ni21-NTA agarose (Qiagen) for 20 min. The resin was
washed with at least 5 bed volumes of lysis buffer with 40 mM
Secondary Structure Analysisimidazole, followed by 2 bed volumes of lysis buffer with 100 mM
CD spectra were obtained using a Jasco 715 spectropolarimeter,imidazole. Resin with bound protein was sometimes rewashed with
equipped with a 0.1 cm pathlength Supracil cuvette (Hellma). Sam-lysis buffer and stored on ice for later use. Otherwise the resin was
ples were scanned with the following settings: scan speed 5 20poured into a disposable column and eluted with 3 bed volumes of
nm/min, response time 5 4 s, bandwidth 5 1 nm, accumulations 5lysis buffer with 280 mM imidazole.
4. Protein concentrations were determined by quantitative aminoFor purification of N and NM under denaturing conditions all steps
acid analysis (Protein and Carbohydrate Structure Facility, Univer-were carried out at ambient temperature (z238C). Cells were lysed
sity of Michigan, Ann Arbor).by gentle agitation in buffer B (20 mM Tris [pH 8.0], 8 M urea) for
30 min. Insoluble material was pelleted by centrifugation at 30,000 3
g for 20 min. The supernatant was applied to a 2.5 3 10 cm column Preparation of Yeast Lysates
(z50 ml bed volume) of Ni21-NTA agarose. The column was washed
[PSI1] and [psi2] derivatives of 74-D694, D1142±1A, and YC13±6C
with z5 column volumes of buffer B containing 40 mM imidazole
were grownto late log phase in YPD. Cells were harvested by centrif-
and eluted with z2 bed volumes of buffer B with 400 mM imidazole.
ugation and washed twice with cold water. Cell pellets were resus-
For the purification of NM and NMD22±69 used in kinetic analysis
pended 1:1 with cold 25 mM potassium phosphate (pH 7.4), 150
of fiber formation, special attention was given to ensuring the re-
mM NaCl containing 1 mg/ml Pefabloc, 10 mg/ml Pepstatin A, 40
moval of lower molecular weight products corresponding to the N
mg/ml aprotinin, 40 mg/ml leupeptin, 1 mM EDTA, and 3 mM
region of Sup35, which accumulated during expression in E. coli.
b-mercaptoethanol.Cell were lysed with glass beads in 1.6 ml micro-
Lysates containing polyhistidine-tagged proteins were applied to a
centrifuge tubes by shaking for 1 hr at 48C on an Eppendorf Model
1.5 3 10 cm (z18 ml bed volume) column of Q Sepharose Fast Flow
5432 mixer platform. Lysates were centrifuged 10 min at 500 3 g.
(Pharmacia). The column was washed with 5 volumes of buffer B
(Sup35 in both [psi2] and [PSI1] lysates remains in the supernatant
and then eluted with a gradient of 0±300 mM NaCl (200 ml total) in
while unbroken cells, nuclei and debris are sedimented.) Total pro-
buffer B. Pooled fractions were further purified on Ni21-NTA agarose
tein was estimated using Bio-Rad protein assay with BSA as a
as described above.
standard. Protein concentration of all lysates was adjusted to 15
All experiments fully described herein were conducted with pro-
mg/ml with lysis buffer.
teins bearing the polyhistidine extension. Parallel experiments using
non-histidine-tagged NM gave essentially identical results (data not
shown). Bacterial lysates containing non-histidine-tagged NM were Sedimentation Analysis
initially fractionated by anion exchange chromatography as de- To initiate aggregation reactions, 35S-labeled NM (z6.6 3 106 cpm/
scribed for polyhistidine-tagged NM. Pooled fractions were diluted mg) maintained under denaturing conditions was diluted at least
10-fold in buffer D (20 mM Na-acetate buffer [pH 4], 8 M urea) 100-fold into either buffer E with or without 0.05 mM preformed NM
and applied to a 1.5 3 10 cm column of SP Sepharose Fast Flow fibers and incubated at 238C, or into yeast lysate and incubated on
(Pharmacia). The column was washed with 5 volumes of buffer D ice. At various times the reactions were briefly mixed by vortexing,
and eluted with a 0±300 mM NaCl gradient in buffer D. Pooled and duplicate 50 ml aliquots were removed and centrifuged at
fractions were concentrated by ultrafiltration (Ultrafree centrifugal 16,000 3 g for 10 min at 48C. Supernatant (25 ml) was removed for
filter, 10 kDa NMWCO; Millipore) and further purified by gel filtration scintillation counting.
on a 1 3 16 cm Superose 6 column (Pharmacia) in buffer B containing
150 mM NaCl.
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